(ANG II) stimulates proximal tubule (PT) sodium and water reabsorption. We showed that treating rats acutely with the angiotensin-converting enzyme inhibitor captopril decreases PT salt and water reabsorption and provokes rapid redistribution of the Na ϩ /H ϩ exchanger isoform 3 (NHE3), Na ϩ /Pi cotransporter 2 (NaPi2), and associated proteins out of the microvilli. The aim of the present study was to determine whether acute ANG II infusion increases the abundance of PT NHE3, NaPi2, and associated proteins in the microvilli available for reabsorbing NaCl. Male Sprague-Dawley rats were infused with a dose of captopril (12 g/min for 20 min) that increased PT flow rate ϳ20% with no change in blood pressure (BP) or glomerular filtration rate (GFR). When ANG II (20 ng⅐kg Ϫ1 ⅐min Ϫ1 for 20 min) was added to the captopril infusate, PT volume flow rate returned to baseline without changing BP or GFR. After captopril, NHE3 was localized to the base of the microvilli and NaPi2 to subapical cytoplasmic vesicles; after 20 min ANG II, both NHE3 and NaPi2 redistributed into the microvilli, assayed by confocal microscopy and density gradient fractionation. Additional PT proteins that redistributed into low-density microvilli-enriched membranes in response to ANG II included myosin VI, DPPIV, NHERF-1, ezrin, megalin, vacuolar H ϩ -ATPase, aminopeptidase N, and clathrin. In summary, in response to 20 min ANG II in the absence of a change in BP or GFR, multiple proteins traffic into the PT brush-border microvilli where they likely contribute to the rapid increase in PT salt and water reabsorption. hypertension; captopril ANGIOTENSIN II (ANG II), a potent vasoconstrictor and sodiumretaining hormone, is crucial for the regulation of sodium transport in the kidneys and therefore for blood pressure (BP) homeostasis. Strong evidence highlights the contribution of high ANG II levels to the development of cardiovascular and renal diseases (23, 37). Consequently, drugs affecting the renin-angiotensin system (RAS), and in particular angiotensinconverting enzyme inhibitors (ACEI) and angiotensin receptor blockers, are commonly used for the treatment of high BP.
ϩ /Pi cotransporter 2 (NaPi2), and associated proteins out of the microvilli. The aim of the present study was to determine whether acute ANG II infusion increases the abundance of PT NHE3, NaPi2, and associated proteins in the microvilli available for reabsorbing NaCl. Male Sprague-Dawley rats were infused with a dose of captopril (12 g/min for 20 min) that increased PT flow rate ϳ20% with no change in blood pressure (BP) or glomerular filtration rate (GFR). When ANG II (20 ng⅐kg Ϫ1 ⅐min Ϫ1 for 20 min) was added to the captopril infusate, PT volume flow rate returned to baseline without changing BP or GFR. After captopril, NHE3 was localized to the base of the microvilli and NaPi2 to subapical cytoplasmic vesicles; after 20 min ANG II, both NHE3 and NaPi2 redistributed into the microvilli, assayed by confocal microscopy and density gradient fractionation. Additional PT proteins that redistributed into low-density microvilli-enriched membranes in response to ANG II included myosin VI, DPPIV, NHERF-1, ezrin, megalin, vacuolar H ϩ -ATPase, aminopeptidase N, and clathrin. In summary, in response to 20 min ANG II in the absence of a change in BP or GFR, multiple proteins traffic into the PT brush-border microvilli where they likely contribute to the rapid increase in PT salt and water reabsorption.
hypertension; captopril ANGIOTENSIN II (ANG II), a potent vasoconstrictor and sodiumretaining hormone, is crucial for the regulation of sodium transport in the kidneys and therefore for blood pressure (BP) homeostasis. Strong evidence highlights the contribution of high ANG II levels to the development of cardiovascular and renal diseases (23, 37) . Consequently, drugs affecting the renin-angiotensin system (RAS), and in particular angiotensinconverting enzyme inhibitors (ACEI) and angiotensin receptor blockers, are commonly used for the treatment of high BP.
The angiotensin type I receptor (AT1R) is responsible for the Na ϩ -retaining effects of ANG II. The renal proximal tubule (PT) expresses AT1R on both the apical and basolateral membranes and ANG II is delivered via the general circulation or filtered at the glomerulus. In addition, the PT cells synthesize all the components necessary to produce and secrete ANG II into its lumen: angiotensinogen, renin, and ACE (14, 29) . ANG II has been shown to increase PT sodium and water reabsorption, and ACE inhibitors and AT1R blockers decrease PT sodium and water reabsorption (10, 13) . The sodium hydrogen exchanger isoform 3 (NHE3) is the main transporter mediating sodium reabsorption in the PT (20) and cultured kidney cell studies indicate that ANG II can rapidly increase NHE3 abundance and activity in the plasma membrane (9) .
We recently investigated the molecular mechanisms responsible for the natriuretic effect of ACEI in vivo (17) . In rats acutely infused with the ACEI captopril at a dose that blocks production of ANG II (both outside and inside the kidney) without lowering BP or glomerular filtration rate (GFR), PT flow rate rapidly increased coincident with a redistribution of NHE3 out of the body of the microvilli to the base of the microvilli (17) . The PT sodium phosphate cotransporter 2 (NaPi2), another major sodium transporter essential for the reabsorption of filtered phosphate (24) , also redistributed out of the microvilli during captopril, to a subapical vesicular compartment (17) . The redistribution of these transporters was also accompanied by the coincident redistribution of the putative NHE3-and NaPi2-associated proteins NHE3 regulatory factor 1 (NHERF-1), myosin VI, megalin, dipeptidyl peptidase IV (DPPIV), and ezrin, as well as the vacuolar H ϩ -ATPase ␤2 subunit, aminopeptidase N (APN; which degrades ANG III to ANG IV), myosin IIa, and clathrin out of the low-density microvilli-enriched membranes. These concerted responses of transporters, cytoskeleton, molecular motors, and angiotensin metabolism pathways likely work together to affect the captopril-mediated diuresis and natriuresis (17) .
The goal of the present study was to determine whether acute ANG II infusion increases the abundance of PT NHE3, NaPi2, and associated proteins in the microvilli available for reabsorbing NaCl. The design aimed to isolate the effects of ANG II per se, distinct from potentially confounding effects of ANG II on BP, hemodynamics, or intrarenal generation of ANG II (29) by using a subpressor dose of ANG II and incorporating infusion of an ACEI along with the ANG II to block effects of ANG II on intrarenal RAS, as we previously reported (27) . We found that in response to acute ANG II treatment, NHE3, NaPi2, and additional transporter-associated proteins redistributed into microvillar-enriched low-density membranes coincident with ANG II-stimulated salt and volume reabsorption.
EXPERIMENTAL PROCEDURES
Animal protocol. All animal experiments were approved by the University of Southern California Keck School of Medicine Institu-tional Animal Care and Use Committee and were conducted in accord with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All experiments were performed on male Sprague-Dawley rats (300 -350 g body wt) that were kept under diurnal light conditions and had free access to food and water. Rats were anesthetized intraperitoneally with Inactin (Sigma; 100 mg/kg). During surgery, body temperature was maintained thermostatically at 37°C, BP was measured via a polyethylene catheter (PE-50) placed in the carotid artery, and euvolemia was maintained by continuous infusion of BSA-saline (4% BSA in 0.9% saline) into the jugular vein (via PE-50) at 50 l/min. The left ureter was cannulated with a Surflo IV catheter (Terumo) for measurement of urine output. At the completion of surgery, the animals were allowed to recover for Ͼ60 min with continuing infusion of BSA-saline before treatment. Two treatment groups were compared: 1) captopril (12 g/min) added to the BSA-saline infusate for 20 min before death, 2) ANG II treated: following 20-min captopril infusion (12 g/min), ANG II (20 ng ⅐ kg Ϫ1 ⅐ min Ϫ1 ) was coinfused with captopril (12 g/min) in the BSA-saline for an additional 20 min before death. Throughout the equilibration and treatment periods, urine was collected at 10-min intervals, urine volume was determined gravimetrically, and BP was continuously collected. Kidneys were collected for subcellular fractionation or fixed for imaging. Figure 1 summarizes results collected from animals in treatment group 2 during control, captopril, and ANG II ϩ captopril treatment periods.
Homogenization and subcellular fractionation on sorbitol gradients. Sorbitol density gradient fractionation is an empirical approach that enriches, as opposed to separates, membrane domains and populations based on density. We previously characterized the distribution of various membrane markers in renal cortex separated on these gradients (44, 45) . In brief, basolateral (sodium pump) and apical (alkaline phosphatase) plasma membranes are enriched in low-density fractions 4 -6, while intermicrovillar cleft markers (megalin, clathrin) are found spread between fractions 6 and 10. Endosomal (rabs) and lysosomal (␤-hexosaminidase) markers are enriched in higher-density fractions 7-12. The procedure for subcellular fractionation of the renal cortex membranes has been described in detail previously (39) . After the kidneys were collected, renal cortices were dissected, diced, suspended in ϳ5 ml isolation buffer (5% sorbitol, 0.5 mM disodium EDTA, 0.2 mM phenylmethylsulfonyl fluoride, 9 g/ml aprotinin, and 5 mM histidine/imidazole buffer, pH 7.5), homogenized for 10 min at a low setting with an Ultra-Turrax T25 (IKA-Labortechnik), and then centrifuged at 2,000 g for 10 min. The supernatant was saved, the pellet was rehomogenized in 5 ml isolation buffer, recentrifuged, and the two supernatants were pooled (S o). Then, 4 ml of So were mixed with 6 ml of 87.4% sorbitol buffer, loaded between two hyperbolic sorbitol gradients, and centrifuged at 100,000 g for 5 h in a swinging bucket rotor. Twelve fractions were collected from the top, diluted with isolation buffer, pelleted by centrifugation (250,000 g for 1.5 h), resuspended in 1 ml of isolation buffer, and stored in aliquots at Ϫ80°C, pending assays.
Immunoblot analysis and antibodies. As described (17) , to assess the density distribution patterns of proteins, a constant volume of each fraction was assayed. Samples were denatured in SDS-PAGE sample buffer for 30 min at 37°C, resolved on 7.5% SDS-polyacrylamide gels according to Laemmli (16) , and transferred to polyvinylidene difluoride membranes (Millipore Immobilon-P). Blots were probed with the following antibodies: NHE3-C00 against NHE3, Mc-NaPi2 against NaPi2 (both 1:2,000; McDonough laboratory), anti-myosin VI (1:2,000; Proteus Biosciences), R-1046 against NHERF-1 (1:3,000; E. Weinman, Univ. of Maryland), anti-gp105 against DPPIV (1:1,000) and 459 against megalin (1:5,000; both provided by M. Farquhar, UCSD), BT561 against myosin IIa (1:2,000; Biomedical Technologies), MAS 401 against the heavy chain of clathrin (1:200; Harlan Sera-Lab), sc-15360 against APN (1:100; Santa Cruz Biotechnology), sc-6409 against ezrin (1:1,000; Santa Cruz Biotechnology), and A1565eF1 against the ␤2-subunit of the vacuolar H ϩ -ATPase (1:100; D. Brown, Harvard University). Polyclonal primary antibodies were detected with Alexa 680-labeled goat anti-rabbit or Alexa 680-labeled donkey anti-goat secondary antibody (Molecular Probes), and polyclonal chicken anti-␤2 primary antibody was probed with monoclonal mouse anti-chicken secondary antibody (Sigma) followed by detection with Alexa 680-labeled goat anti-mouse secondary antibody (Molecular Probes). Monoclonal antibodies were detected with Alexa 680-labeled goat anti-mouse secondary antibody (Molecular Probes). Signals were detected and quantitated with the Odyssey Infrared Imaging System (Li-COR, Lincoln, NE) and accompanying Li-COR software.
Statistical analysis of density gradient patterns. As described previously (26, 27) , two-way ANOVA was employed to determine whether there was a significant difference in the overall density distribution pattern of a protein. The repeated factors were treatment (captopril or ANG II ϩ captopril) and fraction. If the interaction between treatment and fraction was found to be significant (P Ͻ 0.05), then it was concluded that the treatment had a significant effect. After significance was established, the location of the difference in the pattern was assessed by unpaired two-tailed Student's t-test assuming equal variance with Bonferroni adjustments for multiple comparisons. Data are expressed as means Ϯ SE. Differences were regarded significant at P Ͻ 0.05.
Confocal microscopy. Two series of experiments were analyzed. In the initial series, kidneys were rapidly perfusion fixed via the dorsal aorta with 4% paraformaldehyde solution containing 0.1 M sodium cacodylate at pH 7.2 without controlling for a possible increase in arterial pressure. Tissue blocks were trimmed from the cortex and postfixed in 4% paraformaldehyde solution containing 0.1 M sodium cacodylate, pH 7.4 for 3 h. The tissue blocks were cryoprotected overnight in 2.3 M sucrose in PBS, mounted on holders, and frozen in liquid nitrogen. These specimens were used for thin (0.8 m) cryosections. Two sections of each kind of tissue were collected on the same charged object glass, side by side, to ensure comparable treatments. Sections were rinsed with PBS, incubated with 0.05 M NH 4Cl, and blocked by incubation in PBS containing 0.05 M glycine and 0.1% skim milk powder. Sections were then incubated for 60 min at room temperature in a mixture of polyclonal anti-NHE3-C00 (1:25) and monoclonal anti-villin (1:50; Immunotech), diluted in blocking medium, rinsed, incubated for 60 min with a mixture of AlexaFluor 568-conjugated goat anti-rabbit IgG (1:100; Molecular Probes) and AlexaFluor 488-conjugated goat anti-mouse IgG (1:150; Molecular Probes), and mounted with DAKO fluorescence mounting medium (DAKO Danmark, Glostrup, Denmark). The sections were analyzed and recorded using Leica TSC SP2-inverted confocal laser-scanning microscope (Leica Microsystems, Heidelberg, Germany). Some immunofluorescence images were merged with the Nomarski differential interference contrast (DIC) images to reveal the distribution of the fluorophore as related to the tissue structure.
In a second series, kidneys were perfusion-fixed via the dorsal aorta with PLP fixative (2% paraformaldehyde, 75 mM lysine, and 10 mM Na-periodate, pH 7.4), at a rate that did not alter BP (measured via carotid cannula), and then postfixed in PLP for another 2-3 h. The fixed tissue was cryoprotected by incubation overnight in 30% sucrose in PBS, embedded in Tissue-Tek O.C.T. compound (Sakura Finetek, Torrance, CA), and frozen in liquid nitrogen. Cryosections (5 m) were cut and transferred to Fisher Superfrost Plus-charged glass slides and air dried. For immunofluorescence labeling, the sections were rehydrated in PBS, followed by a 10-min wash in 50 mM NH 4Cl in PBS, then with 1% SDS in PBS for 5 min for antigen retrieval. Dual labeling was performed by incubating with polyclonal antiserum NHE3-C00 (1:100) or McNaPi2 (1:50) and monoclonal anti-villin (1:100; Immunotech, Chicago, IL). The sections were then incubated with a mixture of FITC-conjugated goat anti-rabbit (Cappel Research Products, Durham, NC) and Alexa 568-conjugated goat anti-mouse (Molecular Probes) secondary antibodies diluted 1:100 for 1 h, mounted in Prolong Antifade containing the nuclear dye DAPI (Molecular Probes). Slides were viewed with a Zeiss LSM 510 microscope with DIC overlay.
RESULTS

Effects of ANG II plus captopril on mean arterial pressure and urine output.
Neither captopril infusion (12 g/min) for 20 min nor coinfusion of ANG II (20 ng ⅐kg Ϫ1 ⅐min Ϫ1 ) ϩ captopril (12 g/min) for 20 min significantly altered mean arterial pressure: control ϭ 99 Ϯ 3 mmHg, captopril ϭ 97 Ϯ 4 mmHg, ANG II ϩ captopril ϭ 102 Ϯ 4 mmHg, n ϭ 10 (Fig. 1A) . In our preceding paper using this protocol (17), we determined that proximal tubular flow rate was significantly increased above baseline during captopril infusion, an indicator of decreased tubular fluid reabsorption, while significantly reduced below baseline during ANG II ϩ captopril infusion, a marker for increased tubular fluid reabsorption. Nonetheless, urine output, measured gravimetrically, was not significantly altered over this short time course: control ϭ 2.7 Ϯ 0.5 mg/min, captopril ϭ 3.4 Ϯ 0.8 mg/min, ANG II ϩ captopril ϭ 2.9 Ϯ 0.4 mg/min, n ϭ 10 (Fig. 1B) , indicating that there was a downstream change in fluid reabsorption.
Effect of ANG II on subcellular distribution of NHE3 and associated proteins. We previously showed that acute treatment with the ACE inhibitor captopril resulted in the redistribution of PT NHE3 along with its associated proteins DPPIV and myosin VI to the base of the microvilli (17), coincident with a decrease in PT reabsorption. In a related paper, we observed that captopril provoked a redistribution of distal convoluted tubule NCC from apical to subapical cytoplasmic vesicles and that 20 min ANG II ϩ captopril restored NCC to baseline levels in the apical membrane (27) . Based on these observations, we hypothesized that ANG II ϩ captopril infusion, in the absence of a change in BP, would stimulate redistribution of NHE3 and NHE3-associated proteins into the microvilli, where they would be positioned for reabsorption. Figure 2A illustrates that, compared with captopril-treated kidneys, ANG II ϩ captopril shifts the distribution of NHE3 toward lower-density membranes enriched in microvillar markers, supporting our hypothesis. Likewise, the NHE3 regulator DPPIV (11), the atypical molecular motor myosin VI (42) , and, to a lesser extent, the endocytic receptor megalin (3) redistribute into lower-density membranes (Fig. 2, B, C, D) . The difference in the distribution pattern across the gradient is plotted for each protein in the column on the right (Fig. 2) .
The localization of NHE3 was directly assessed by confocal immunofluorescence analysis in two series. In both, tissue slices from captopril-and ANG II ϩ captopril-treated kidneys were placed side-by-side on the same slide for identical staining and visualizing, and in both the actin bundling protein villin was used as a marker for the PT microvilli. As shown in Fig. 3A , from the first series of experiments, following 20 min captopril (left), NHE3 (red) appears at the base of the microvilli as a thin band (low-magnification image) which is sharply limited (higher-magnification image). In the overlay image, a yellow band indicates overlapping of NHE3 (red) and villin (green) fluorophores at the basal part of the microvilli while green zone toward the lumen indicates lack of red fluorophore-labeled NHE in the villi after captopril treatment. After subsequent infusion of ANG II ϩ captopril (Fig. 3A,  right) , NHE3 appears throughout the body of the microvilli overlapping with villin staining (yellow), but much of the NHE3 remained at the base of the microvilli. In this series, we found that the NHE3 distribution in the PT microvilli of different animals infused with ANG II ϩ captopril was somewhat variable, leading us to suspect that the elevated perfusion pressure may interfere with the redistribution. Therefore, a second series was conducted in which the rate of infusion of fixative was controlled to prevent an elevation in BP (see EXPERIMENTAL PROCEDURES). Confocal microscopy from this series made on 5-m sections demonstrates that after captopril the images are similar to the previous series (note that the labeling colors are reversed; Fig. 3B , left) and that after ANG II ϩ captopril infusion fluorophores for NHE3 (green) and villin (red) are overlapping (yellow) in the whole body of microvilli (Fig. 3B, right) , supporting the hypothesis that elevated perfusion pressure blunts the redistribution of NHE3 into the microvilli in response to ANG II infusion. Taken together, the direct assay of NHE3 distribution in the microvilli by microscopy aids in interpreting the sorbitol density gradient redistribution, specifically, supporting the conclusion that the redistribution of proteins to low-density membranes during ANG II ϩ captopril reflects movement of these proteins from the base into the body of the microvilli. We did not examine the distribution of all the associated proteins by confocal microscopy because our previous experience indicates that these only partially retract from the microvilli, for example in response to high-salt diet (43) .
Effect of ANG II on subcellular distribution of NaPi2 and associated proteins. In addition to NHE3, the PT sodium phosphate cotransporter NaPi2 redistributes out of the microvilli to subapical vesicular locations in response to a variety of stimuli including parathyroid (PTH), acute hypertension, and captopril (17, 18, 41) . Therefore, we hypothesized that NaPi2 would redistribute into the microvilli when infused with ANG II ϩ captopril. As shown in Fig. 4A , ANG II ϩ captopril significantly increased the percentage of total NaPi2 in lowdensity microvilli-enriched membranes, supporting our hypothesis. This redistribution was coincident with the redistribution of the NaPi2 regulator NHERF-1 (35) (Fig. 4B) as well as the actin tethering protein ezrin (Fig. 4C) , known to anchor the NaPi2-NHERF-1 complex to the cytoskeleton (21, 30) . NaPi2 is known to be internalized during PTH treatment via clathrin-coated vesicles (32) and it appears that even clathrin enriches in low-density membranes during ANG II stimulation.
Direct assessment of NaPi2 by immunofluorescence in slices of kidneys from captopril-treated and ANG II ϩ captopriltreated, stained, and processed side by side (Fig. 5 ) demon- strates that there is less NaPi2 in the microvilli after 20-min captopril treatment compared with the amount of NaPi2 colocalized with villin after adding ANG II to the infusate for 20 min. Some NaPi2 (green without red villin) staining is evident right below the brush border, indicating that not all of the NaPi2 returns fully to the brush border after 20-min ANG II. These results are consistent with the hypothesis that captopril provokes the retraction of NaPi2 to cytoplasmic vesicles localized in heavier-density regions of the sorbitol gradients and that ANG II infusion provokes rapid recruitment of NaPi2 back to the microvilli, which are localized to lighter-density membranes on the sorbitol density gradient.
Effects of ANG II on distribution of vacuolar H ϩ -ATPase ␤2, APN, myosin IIa, and villin. In addition to NHE3, NaPi2, and their associated proteins, we previously identified, using a proteomic approach, additional proteins that redistribute to higher-density membranes following acute ACE inhibition (17) . We aimed to determine whether subsequent ANG II infusion would provoke redistribution of these same proteins back into low-density membranes enriched in brush-border markers. The ␤2 subunit of the vacuolar H ϩ -ATPase, found in the PT microvilli (25) , redistributes into higher-density membranes with captopril treatment (17) and into lower-density membranes in response to ANG II infusion (Fig. 6A) . The physiological significance of this redistribution from higherto-lower density membranes is not readily apparent; however, it indicates that localization of the H ϩ -ATPase in the microvilli is dependent on ANG II and that ACEI treatment will decrease H ϩ -ATPase in the microvilli. APN, a metallohydrolase expressed in the brush border of PT cells, redistributes to heavierdensity membranes with acute captopril treatment (17) and redistributes to lighter-density membranes with 20-min ANG II ϩ captopril treatment (Fig. 6B) . APN metabolizes ANG III to ANG IV and ANG III has actions similar to ANG II (1), so if APN redistribution to the microvilli activates the enzyme it will decrease ANG III and its activation of AT1 receptors and, thus, potentially limit ANG II-like responses. Myosin IIa is a conventional class II nonmuscle myosin heavy chain (28) expressed primarily in the podocytes but is also detected in the PT brush border (2) , where its function is undefined. When ANG II ϩ captopril is infused, there is a slight redistribution of myosin IIa redistributes into lower- Fig. 3 . Indirect immunofluorescence microscopy of NHE3 redistribution in the proximal tubule was conducted in rats infused acutely with captopril (left) or ANG II (right) in distinct series conducted without controlling arterial pressure (A) or with controlling arterial pressure (B) as described in EXPERIMENTAL PROCEDURES. In both series, a kidney sample from each group was placed on the same slide and processed identically for detection of NHE3 and villin. A: anti-NHE3 was detected with AlexaFluor 568-conjugated goat anti-rabbit secondary antibody and anti-villin with AlexaFluor 488-conjugated goat anti-mouse secondary antibody. B: anti-NHE3 was detected with FITC-conjugated goat anti-rabbit secondary antibody and anti-villin with Alexa 568-conjugated goat anti-mouse secondary and bar is 20 m.
density membranes (Fig. 6C) . Similarly, there is a very slight but significant redistribution of the actin core bundling protein villin (Fig. 6D) .
DISCUSSION
Circulating ANG II levels are increased when extracellular fluid levels are reduced, whether or not there is a change in BP. The PT is a well-characterized target of ANG II action (6, 31) and NHE3 transport activity has been reported to be increased by ANG II treatment in cultured cells (9) . Previous in vivo studies of the effects of ANG II infusion on PT transporters (33, 38) are complicated by the fact that the ANG II infusion protocols usually raise BP (7), which is known to depress PT Na ϩ reabsorption (44), making it difficult to dissect out the effects of ANG II alone. This study aimed to investigate molecular mechanisms that could account for the acute actions of ANG II to increase Na ϩ and H 2 O reabsorption in the PT, independent of changes in BP. The dose of ANG II was empirically adjusted to minimize changes in BP and GFR (19) . In addition, the ACEI captopril was coinfused to minimize intrarenal generation of ANG II (14, 47) . With this protocol, we previously demonstrated captopril infusion alone significantly increased PT flow rate ϳ15% above control and that subsequent addition of ANG II (20 ng ⅐ kg Ϫ1 ⅐min Ϫ1 ) to the captopril infusate immediately (Ͻ3 min) caused PT flow rate to decrease to 10% below control baseline levels (17) . Thus, this nonpressor dose of ANG II chosen for systemic infusion can rapidly and significantly increase PT Na ϩ and H 2 O reabsorption. While there are many genomic effects of long-term treatment with ANG II (4), the 20-min ANG II infusion time is very unlikely to change the pool size of the proteins under investigation even if transcription and translation rates are changed.
The first set of confocal microscopy experiments showed a certain variation in the distribution of NHE3 after ANG II ϩ captopril infusion. The perfusion pressure was suspected to cause this variation because it was not specifically determined. Therefore, we controlled the pressure in the second series of experiments. Confocal microscopy made from these specimens showed less or no variation in the distribution of NHE3. Perfusion fixation gives preferable results over surface fixation because it maintains open lumens with well-defined microvilli (22) . However, if fixative is perfused at a rate high enough to raise BP and renal perfusion pressure, different ultrastructural changes can appear and NHE3 and NaPi2 may be retracted from the body of the microvilli, independent of prior treatment with captopril or ANG II ϩ captopril. This response to elevated BP, which we previously characterized (41), is not unexpected and appears to occur before tissue fixation sets in, perhaps as a pressure wave hits the kidney before the fixative arrives. This observation established for us the critical importance of maintaining fixative perfusion pressure at a rate that does not elevate arterial pressure (recorded coincidently during perfusion) to obtain an accurate distribution of proteins in the pressure-sensitive PT. Perfusion pressure does not appear to be a significant issue with imaging the Na ϩ -Cl Ϫ cotransporter in the distal convoluted tubule which is obviously responsive to captopril and ANG II in experiments in which the perfusion pressure was not controlled (27) .
Using the parallel techniques of subcellular fractionation on density gradients and confocal microscopy, this study demonstrated that acute ANG II infusion provoked the rapid redistri- Fig. 5 . Indirect immunofluorescence microscopy of Na ϩ /Pi cotransporter 2 (NaPi2) redistribution in the proximal tubule of rats infused acutely with captopril (left) or ANG II (right) and perfusion fixed without elevating arterial pressure as described in EXPERIMENTAL PROCEDURES. A kidney sample from each group was placed on the same slide and processed identically for detection of NaPi2 and villin. Anti-NaPi2 was detected with FITC-conjugated goat anti-rabbit secondary antibody and anti-villin with Alexa 568-conjugated goat anti-mouse secondary. Bar is 20 m.
bution of both NHE3 and NaPi2 into the body of the apical microvilli. In addition, many PT proteins known to associate with these transporters including DPPIV, myosin VI, megalin, NHERF-1, ezrin, and clathrin, as well as H ϩ -ATPase ␤ subunit, APN and myosin IIa and villin redistributed to lowdensity microvilli-enriched membranes with ANG II infusion. We cannot say whether the redistribution of myosin IIa reflects an effect of ANG II on podocytes or epithelial cells. The slight, albeit significant redistribution of the actin bundling protein villin to lower-density fractions was not evident by confocal microscopy (Figs. 3 and 5) . Perhaps the villin redistribution reflects an increased attachment of the actin core to the transporters in the microvillar membranes necessitated by ANG II-stimulated trafficking; alternatively, it may reflect a small generalized effect of ANG II on membrane density. Given those caveats, these results indicate that 1) the localization of this set of proteins in the body of the PT microvilli is augmented by ANG II infusion, 2) the rapid decrease in PT flow rate with ANG II that we previously reported (17) is, at least in part, due to the increase in sodium transporters in the body of the microvilli, and 3) that systemic inhibition of ANG II production with an ACEI, a common therapy for hypertension, would likely reduce the expression of these proteins in the microvilli and coincidently reduces PT Na ϩ and volume reabsorption (17, 40) .
NHE3 and NaPi2 are coordinately regulated in vivo by many stimuli including acute hypertension (41) , PTH (46), high-salt diet (43) , ACE inhibition (40) , and this study adds ANG II to the list. This coordinated regulation indicates that changes in PT sodium transport are a function of not just a decrease in transport via NHE3 but also via NaPi2 activity (and other yet to be identified regulated cotransporters). The coordination also suggests that common trafficking mechanism(s) may be moving the NHE3 and NaPi2 together. In fact, both are reported to interact with NHERF-1 and become tethered to the cytoskeleton via ezrin (8, 21) . However, a number of observations indicate that common trafficking mechanisms are unlikely: 1) in the NHERF-1 knockout mouse, microvillar NaPi2 expression and activity are depressed while NHE3 appears normal (36) , 2) NHE3 and NaPi2 are trafficked to different destinations by natriuretic stimuli: NHE3 to the base of the microvilli and NaPi2 to subapical endosomes, as evident in the captopril panels (Figs. 3 and 5) , and 3) we recently discovered that renal cortical NHE3 and NaPi2, along with their associated proteins, are segregated into distinct membrane domains: NHE3, DPPIV, and myosin VI to lipid rafts and NaPi2, NHERF-1, and ezrin more enriched in nonrafts. However, it is still possible that there are common trafficking signals and mechanisms that anchor NHE3 and NaPi2 in their final destinations in the microvilli.
This nonpressor protocol for investigating the effects of ANG II in the PT is ideal for examining the signaling connection between ANG II and the increase in sodium reabsorption. Many questions remain to be addressed in this important area. Regarding the trafficking per se, it is not clear what event(s) initiates the traffic of transporters (NHE3 from the base of the microvilli, NaPi2 from subapical stores) into the microvilli. Potential mechanisms would include phosphorylation or dephosphorylation of one of the transporter-associated proteins such as NHERF-1 (34), or of the molecular motors such as myosin VI or myosin IIa (42) , or of the transporters themselves (15) . Regarding the change in sodium transport, it is not at all clear why reabsorption is lower when NHE3 is at the base of the microvilli and greater when NHE3 is in the body of the microvilli. Perhaps an answer lies with association with DPPIV, known to interact with and increase NHE3 transport, or with the vacuolar H ϩ -ATPase, which is known to have a similar distribution with NHE3 at the base of the microvilli (5) . Recent studies demonstrate that genetic removal of the AT1R specifically from the PT significantly lowers basal BP (12) , increasing the significance of addressing these unanswered questions.
GRANTS
